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Dominant vegetation species of two structurally and functionally different montane ecosystems 
were studied by means of laboratory and field spectroscopy and remote sensing image data: 
(1) a homogeneous human-influenced evergreen coniferous forest represented by a Norway 
spruce forest in the Krušné hory Mountains and (2) a heterogeneous natural ecosystem of a 
relict arctic-alpine tundra in the Krkonoše Mountains with predominance of grasses.  
The first part dealing with the Norway spruce forest is especially focused on the methods of 
laboratory spectroscopy. The assessment of Norway spruce stands on a regional and a global 
scales requires detailed knowledge of their spectral properties at the level of needles and shoots 
in the beginning, but ground research is very time-demanding. Open spectral libraries could 
help to get more ground-truth data for subsequent analysis of tree species in forests ecosystems. 
However, the problem may arise with the comparability of spectra taken by different devices. 
The present thesis focuses on a comparability of spectra measured by a field spectroradiometer 
coupled with plant contact probe and/or two integrating spheres (Paper 3) and proves the 
significant differences in spruce needle spectra measured by the contact probe and integrating 
sphere, spectra of broadleaved plants (tobacco) also differ but the mean values of indices 
calculated using these spectra are in the range of the corresponding standard deviations, while 
spectra of homogeneous materials (colored papers, Spectralon) are comparable. Furthermore, 
data on different scales (laboratory retrieval of photosynthetic pigments and water content, the 
spectra of the needles measured by the contact probe, the spectra of crowns derived from 
airborne hyperspectral image acquired by an APEX sensor) are evaluated for the purpose of the 
detection of the differences in the physiological status of the Norway spruce stands among 
various factors - needle age class, position in the tree crown, stands or areas (Paper 2). Two 
areas in Krušné hory Mountains which were affected by various intensities of air pollution 
during the 1970’s showed only slight differences in 2013 based on the laboratory biochemical 
data and no differences based on the spectroscopic data. Some heterogeneity was proven among 
eleven studied stands in these two areas based on all three datasets. Based on the laboratory data 
(biochemical and also spectral), the differences among the needle age classes and positions in 
the tree crown were proven. The differences among the positions in the tree crown were 
elaborated in the next part of the thesis, where the empirical models for chlorophyll, carotenoids 
and water content estimations are modeled based on the spectra measured by the contact probe 
for three positions in the Norway spruce crown (the sunlit productive upper and lower parts, the 
shaded basal part) - Paper 4. The results are more accurate for the shaded basal part of the tree 
crown than for the sunlit upper part, which can be the consequence of the architecture of the 
shoots. The paper also confirms better results of the correlations when using partial least square 
regression (PLSR) over that of simple regressions and vegetation indices. Besides the 
methodological findings, the thesis has an ecological contribution (Paper 1 a 2) in the evidence 
of the Norway spruce homogeneous stands’ regeneration after the air pollution elimination 
(especially in the central part of the Krušné hory Mountains) – although the stands are still not 
 
completely undamaged, the difference between the two areas located in the central and western 
parts of the Krušné hory Mountains are not so significant already (especially in the central part 
of the Krušné hory Mountains). 
The traits of the stands are one of the most important for correct function of homogeneous 
ecosystems, while the species composition of plant community plays an important role and also 
needs to be studied in the heterogeneous ecosystems.  The species composition is the main 
focus of the thesis part dealing with the montane relict arctic-alpine tundra ecosystem (Papers 5 
a 6). The accuracies of the classifications for several types of remote sensing image data with 
various spectral and spatial resolutions (Landsat, Sentinel-2, WorldView-2, orthoimages and 
airborne hyperspectral image data acquired by APEX and AISA sensors) were compared. For 
these data classifications, two differently detailed legends were used. The legends were design 
in accordance with the spatial resolution of the image data and the categories were specified to 
have a contribution to the monitoring and protection of the area with an emphasis being placed 
on the distinction among the expansively strong species (grasses Calamagrostis villosa, Molinia 
caerulea and Pinus mugo shrubs) and the original grass species Nardus stricta. The best 
classification results (an overall accuracy higher than 80%) were reached based on the aerial 
hyperspectral image data AISA with a high spatial resolution. In order to increase the accuracy 
of the classification of the heterogeneous ecosystems, such as the tundra in the Krkonoše 
Mountains, spatial resolution appears to be the most important based on our results. This was 
demonstrated by good accuracies of the orthoimages with a spatial resolution of 12.5 cm and 
only 4 spectral bands classifications (an overall accuracy 71.96% in the case of a detailed 
legend and 80% in the case of a simplified one). In the tundra ecosystem of Krkonoše 
Mountains, the traits of the vegetation cover (height, plant covet and fAPAR) were investigated 
using field spectroscopy along the elevation and nutrient gradient stretching from the Luční 
bouda hut to the Luční hora Mountain in two periods during the 2015 season (Paper 7). 
Different vegetation indices were tested for empirical modeling. The best results were achieved 
for the plant cover, while the worst were for fAPAR. The study of the vegetation traits in the 
tundra has so far yielded the first results and will continue intensively (the analysis of the 
chlorophyll content, the green percent vegetation cover (PVC) determined from the ratio of the 
green and dry biomass, LAI, etc.). 
 
Keywords: Laboratory spectroscopy, Field Spectroscopy, Remote Sensing, Norway Spruce, 
Montane Ecosystems, Relict Arctic-Alpine Tundra, The Krušné hory Mountains, The Krkonoše 




Dominantní druhy vegetace dvou strukturálně a funkčně odlišných horských ekosystémů byly 
studovány pomocí laboratorní a terénní spektroskopie a obrazových dat dálkového průzkumu 
Země: (1) člověkem ovlivněný homogenní stálezelený jehličnatý les reprezentovaný porostem 
smrku ztepilého v Krušných horách a (2) přirozený heterogenní ekosystém reliktní arkto-
alpínské tundry v Krkonoších s převahou travin.  
První část týkající se smrku ztepilého je zaměřena především na laboratorní spektroskopii. 
K hodnocení smrkových porostů na regionální a globální úrovni je potřeba podrobných znalostí 
o jejich spektrálních vlastnostech na úrovni jehlic a výhonů, avšak pozemní průzkum je velmi 
časově náročný. K získání většího množství pozemních dat pro analýzy porostů by mohly 
pomoci otevřené spektrální knihovny. Problém však může nastat s porovnatelností spekter 
pořízených různými přístroji. Tato práce se zaměřila na srovnatelnost spekter naměřených 
spektroradiometrem v kombinaci s kontaktní sondou a dvěma integračními sférami (Paper 3) 
a prokázala, že spektra naměřená kontaktní sondou a integrační sférou pro smrkové jehlice jsou 
signifikantně odlišná, pro listnaté druhy s dorziventrálním typem listu (reprezentované tabákem) 
jsou též odlišná, ale průměrné hodnoty vegetačních indexů z nich odvozených se již pohybují 
v rámci příslušných směrodatných odchylek, zatímco pro homogenní materiály, jako jsou 
barevné papíry nebo Spektralon, jsou spektra naměřená různými přístroji srovnatelná. Dále bylo 
v práci hodnoceno, zda data na různé měřítkové úrovni (v laboratoři určené obsahy pigmentů 
a vody v jehlicích, laboratorní spektra jehlic naměřená kontaktní sondou a spektrální data na 
úrovni porostu odvozená z obrazových leteckých hyperspektrálních dat APEX) dávají stejné 
výsledky v hodnocení rozdílů mezi skupinami měření ovlivněných různými faktory, jako jsou 
ročníky jehlic, pozice v koruně, stanoviště či lokalita výskytu (Paper 2). Dvě lokality 
v Krušnohoří ovlivněné různou intenzitou atmosférického znečištění v 70. letech vykazovaly 
mírné rozdíly v roce 2013 pouze na základě laboratorních biochemických dat, nikoli na základě 
dat spektrálních. Určitá heterogenita byla prokázána však mezi jednolivými jedenácti 
zkoumanými stanovišti na těchto dvou lokalitách na základě všech tří typů dat. Na základě 
podrobných laboratorních dat (biochemických i spektrálních) byly prokázány signifikantní 
rozdíly mezi jednotlivými ročníky jehlic i pozicí v koruně stromu. Pozicí v koruně stromu se 
pak práce zabývá i v další části, kde jsou porovnávány empirické modely pro odhad chlorofylu, 
karotenoidů a vody spočítané na základě odrazivosti naměřené kontaktní sondou pro tři různé 
úrovně koruny (bazální zastíněnou a produkční svrchní a spodní) – Paper 4. Výsledky dokazují, 
že modely pro zastíněnou bazální část koruny jsou přesnější než pro produkční část, což může 
být ovlivněno architekturou výhonů. Práce též potvrzuje lepší výsledky korelací s využitím 
metody PLSR než jednoduchých regresí a vegetačních indexů. Kromě metodických poznatků 
má práce i přínos po ekologické stránce (Paper 1 a 2), protože bylo prokázáno, že po eliminaci 
atmosférického znečištění smrkové monokulturní lesy v Krušných horách (zejména v jejich 
střední části) regenerují, i když nejsou zcela nepoškozené, a již nejsou pozorovatelné tak 
 
významné rozdíly ve stavu porostů mezi jednotlivými lokalitami středního a západního 
Krušnohoří. 
Zatímco pro správné fungování homogenních ekosystémů jsou důležité především vlastnosti 
porostu, v heterogenních ekosystémech hraje významnou roli navíc i jejich druhová skladba 
rostlinného společenstva, které je třeba věnovat také patřičnou pozornost. Především druhovou 
skladbou se zabývá část věnovaná reliktní arkto-alpínské tundře (Paper 5 a 6). Porovnávány 
jsou dosažené přesnosti klasifikací pro několik typů obrazových dat dálkového průzkumu Země 
různého spektrálního i prostorového rozlišení (Landsat, Sentinel-2, WorldView-2, ortofota 
a letecká hyperspektrální data ze senzorů APEX a AISA). Pro klasifikace těchto dat byly 
využity různě podrobné legendy. Legendy byly stanoveny s ohledem na prostorové rozlišení 
obrazových dat a kategorie byly specifikovány tak, aby měly přínos pro monitoring a ochranu 
oblasti, přičemž důraz byl kladen na rozlišení expanzivně silných druhů (trávy třtina chloupkatá, 
bezkolenec modrý a klečové porosty) a původního druhu trávy smilky tuhé. Nejlepších 
výsledků klasifikace (celková přesnost více než 80 %) bylo dosaženo na základě leteckých 
hyperspektrálních dat AISA s vysokým prostorovým rozlišením. Pro zvýšení přesnosti 
klasifikace heterogenních ekosystémů, jako je krkonošská tundra, se jako klíčové na základě 
našich výsledků jeví prostorové rozlišení dat. To dokazují dobré výsledky objektové klasifikace 
s prostorovým rozlišením 12,5 cm, ale pouze čtyřmi spektrálními pásmy (celková přesnost 
71,96 % v případě podrobné legendy a přes 80 % v případě zjednodušené). V krkonošské tundře 
byly dále zkoumány vlastnosti porostů (výška, pokryvnost a fAPAR), a to s využitím terénní 
spektroskopie podél výškového a výživového gradientu táhnoucího se od Luční boudy na Luční 
horu ve dvou termínech v sezóně 2015 (Paper 7). Byly hledány především vhodné vegetační 
indexy pro tvorbu empirických modelů. Nejlepších výsledků bylo dosaženo pro pokryvnost, 
zatímco nejhorších pro fAPAR. Studium vlastností porostů v krkonošské tundře přineslo zatím 
základní výsledky a bude dále intenzívně pokračovat (například analýzy obsahu chlorofylu, 
podílu živé a uschlé biomasy, LAI apod.). 
 
Klíčová slova: Laboratorní spektroskopie, terénní spektroskopie, dálkový průzkum Země, smrk 
ztepilý, horské ekosystémy, reliktní arkto-alpínská tundra, Krušné hory, Krkonoše, optické 
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Natural ecosystems have evolved while experiencing abiotic and biotic disturbances such as 
drought, winds or insect outbreaks. However, nowadays they must cope, in addition, with 
human-related (anthropogenic) stressors, which can be either direct as logging and clearing 
(especially in the case of forests) or indirect in the form of climate change factors, air pollution 
or invasive species spreading (Trumbore, Brando, and Hartmann 2015). These stressors have an 
impact on the ecosystem’s functioning, composition (e.g., Morin et al. 2018) and extent. It is 
necessary to understand the ecosystem processes and its functioning to protect the ecosystems in 
an effective way. That is why the monitoring of ecosystems on different scale levels is essential, 
and methods of laboratory/field spectroscopy and remote sensing can be very helpful in proper 
management measures. The usefulness of spectroscopy and remote sensing methods  has 
already been proven in many studies dealing with: land cover and forest changes on global, 
regional or local scales (e.g., Global Land Cover Facility research center: http://glcf.umd.edu/; 
Huang et al. 2009; Townshend et al. 2012; Song et al. 2014; Feng et al. 2016), forest health 
assessment (Angela Lausch et al. 2016, 2017; Pause et al. 2016; Senf, Seidl, and Hostert 2017), 
species composition (Fassnacht et al. 2016; Raczko and Zagajewski 2018), changing 
biodiversity analyses (Turner et al. 2003; A. Lausch et al. 2016; Vihervaara et al. 2017), carbon 
cycling (Patenaude, Milne, and Dawson 2005; Nestola et al. 2018) and ecosystem functioning, 
processes and services (Pettorelli et al. 2018). Although vegetation studies are one of the most 
common in remote sensing research, there is still a lot of unresolved issues because of the 
diversity and complexity of vegetation ecosystems.   
This thesis contributes to scientific issues in the use of laboratory/field spectroscopy and 
remote sensing in two significantly different montane ecosystems: (1) a homogeneous human-
influenced evergreen coniferous forest represented by a Norway spruce forest in the Krušné 
hory Mountains and (2) heterogeneous natural ecosystem of the relict arctic-alpine tundra in the 
Krkonoše Mountains with predominance of grasses. The Norway spruce forest was selected as a 
representative of a homogeneous man-managed forest ecosystem for its prevailing abundance in 
Czechia – 50.5 % of the forest land in 2016 (Ministerstvo zemědělství 2017). Due to the major 
area covered by the Norway spruce forest and its great ecological and economic importance, it 
is important to monitor its condition to prevent any large degradation since reforestation is a 
long-term process. On the contrary, the relict arctic-alpine tundra is a unique heterogeneous 
natural ecosystem covering just a very small area in the higher altitudes of the Krkonoše 
Mountains. The tundra ecosystem is very sensitive to the ongoing local and global 
environmental changes (Chapin et al. 1995; Elmendorf et al. 2012), therefore, its research and 
protection is necessary.  
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1.1 Structure of the thesis 
The thesis is based on ten contributions, which I co-authored. These are three peer-reviewed 
book chapters, five peer-reviewed papers and two shorter peer-reviewed conference papers. 
Firstly, in the overview section (Chapter 2), a brief theory of laboratory spectroscopy 
measurements and vegetation trait modeling are presented (subchapters 2.1 and 2.2). These two 
subchapters summarize and slightly adapt all three peer-reviewed book chapters. The overview 
also adds information about studies using laboratory/field spectroscopy and remote sensing data 
for selected ecosystems (Norway spruce forest and relict arctic-alpine tundra) monitoring and 
the challenges associated with it (subchapter 2.3). The aims and research questions of this thesis 
are presented in Chapter 3. Secondly, the original research articles which I co-authored are 
included: Chapter 4 consists of four publications providing new insights in laboratory 
spectroscopy for a Norway spruce ecosystem (Papers 1 – 4). Three publications (Papers 5 – 7) 
focused on remote sensing data for relict arctic-alpine tundra ecosystem evaluation are 
presented in Chapter 5. The papers represent answers to the research questions presented in 
Chapter 3. The results are synthesized and discussed in Chapter 6 and Chapter 7 presents the 
most important conclusions and possibilities of future research. 
 
The original research articles deal specifically with: 
Norway spruce forest ecosystem 
Paper 1 “TEMPORAL CHANGES IN NORWAY SPRUCE PHYSIOLOGICAL STATUS 
USING HYPERSPECTRAL DATA: A CASE STUDY OF MOUNTAINOUS FORESTS 
AFFECTED BY LONG-TERM ACIDIC DEPOSITIONS” presents the first results of the state 
of Norway spruce forests assessment in the Krušné hory Mountains. It compares the 
biochemical and biophysical needle parameters from the trees sampled in the Krušné hory 
Mountains between 1998 and 2013, the geochemical conditions of study stands in the western 
and central part of the Krušné hory Mountains in 2012 and constructs prediction models for 
photosynthetic pigments and water content based on laboratory spectroscopy. 
 
Paper 2 “STATISTICAL COMPARISON OF SPECTRAL AND BIOCHEMICAL 
MEASUREMENTS ON AN EXAMPLE OF NORWAY SPRUCE STANDS IN THE ORE 
MOUNTAINS, CZECH REPUBLIC” deals with the statistical comparison and ascertainment of 
the relationships among various factors (areas, stands, needle age classes or positions in the tree 
crown) based on different datasets – biochemical and biophysical (photosynthetic pigment and 
water content), laboratory spectroscopic (the spectral reflectance measured by ASD FieldSpec 4 
wide-res and plant contact probe) and image spectroscopic (airborne hyperspectral image 
acquired by APEX sensor).  
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Paper 3 “COMPARISON OF REFLECTANCE MEASUREMENTS ACQUIRED WITH A 
CONTACT PROBE AND AN INTEGRATION SPHERE: IMPLICATIONS FOR THE 
SPECTRAL PROPERTIES OF VEGETATION AT A LEAF LEVEL” focuses on the 
comparison of the reflectance spectra acquired by different laboratory devices (two integrating 
spheres and a plant contact probe). Besides the Norway spruce samples, tobacco leaves and 
artificial samples with stable optical properties were measured and the variability among the 
devices were evaluated. 
 
Paper 4 “MODELS FOR ESTIMATING LEAF PIGMENTS AND RELATIVE WATER 
CONTENT IN THREE VERTICAL CANOPY LEVELS OF NORWAY SPRUCE BASED ON 
LABORATORY SPECTROSCOPY” addresses the differences of the Norway spruce needles’ 
optical and biochemical/biophysical properties in the tree crown and presents the empirical 
models for three different canopy levels.  
 
Relict arctic-alpine tundra ecosystem 
Papers 5 and 6 evaluate different remote sensing image data for tundra species classifications, 
Paper 5 “CLASSIFICATION OF VEGETATION ABOVE THE TREE LINE IN THE 
KRKONOŠE MTS. NATIONAL PARK USING REMOTE SENSING MULTISPECTRAL 
DATA” is focused on multispectral data with different spatial resolutions, Paper 6 
“CLASSIFICATION OF TUNDRA VEGETATION IN THE KRKONOŠE MTS. NATIONAL 
PARK USING APEX, AISA DUAL AND SENTINEL-2A DATA” is focused on hyperspectral 
data and Sentinel-2A data. 
 
Paper 7 “FIELD SPECTROSCOPY FOR VEGETATION EVALUATION ALONG THE 
NUTRIENT AND ELEVATION GRADIENT ABOVE THE TREE LINE IN THE 
KRKONOŠE MOUNTAINS NATIONAL PARK” is similarly focused, as Paper 4, on 
empirical modeling, but for tundra vegetation and its height, plant cover and fAPAR. It also 
compares the models for two datasets acquired in different vegetation phenology phases. 
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2 Overview of the studied topic 
 
As this thesis is primarily focused on laboratory/field spectroscopy, the main principles 
of measuring the vegetation optical properties by spectroradiometers are described. Moreover, 
the basic principles of the empirical (statistical) and radiative transfer modeling of the 
vegetation traits are explained. These two parts are based on three peer-reviewed chapters 
(Červená, Potůčková, et al. 2017a, 2017b; Červená, Mišurec, et al. 2017) of the book 
Albrechtová, Kupková, and Campbell (2017) which I co-authored. Chapter 2 is terminated by 
the summarization of the challenges in the research of the selected ecosystems by 
the laboratory/field spectroscopy and remote sensing methods. 
 
2.1 Laboratory spectroscopy 1 
2.1.1 Field spectroradiometers – theory of measurement 
A spectroradiometer is composed from entrance slits, diffraction gratings/prisms and detector 
arrays. Together, these components form a spectrograph or optical bench. 
The spectroradiometer comes into existence by adding the fore-optics, optical paths and 
calibration and control systems. (Mac Arthur 2013)  
Diffraction grating is an optical device dispersing polychromatic (white) light into its 
constituent wavelengths (monochromatic light). It is constructed as finely spaced grooves 
on a surface (with a typical groove size of < 1μm). When a collimated light is reflected from 
a diffraction grating, it is captured by detector arrays. The detectors are constructed from 
different materials, a specific material for a limited range of wavelengths. Just like the detectors, 
the diffraction gratings are also restricted by the spectral range. Hence, the spectroradiometer 
measuring visible, near infrared and shortwave infrared light consists of several spectrographs, 
Figure 1. (Mac Arthur 2013) 
 
                                                     
1
 This chapter is translated from an original (Červená, Potůčková, et al. 2017a) published in the 
peer-reviewed book Albrechtová, Kupková, and Campbell (2017). 
 





Figure 1: Spectroradiometer construction  
(Source: adapted after Mac Arthur (2013) 
 
Numerous manufactures of spectroradiometers exist, some well-known ones are GER 
(Geophysical Environmental Research, now Spectra Vista Corporation), ASD (Analytical 
Spectral Devices) and the newer Spectral Evolution. In this study, an ASD FieldSpec 4 Wide-
Res was used and, therefore, is described more in the next subchapter.  
2.1.1.1 ASD FieldSpec 4 Wide-Res 
The spectroradiometer ASD FieldSpec 4 Wide-Res has a full spectral range (350–2500 nm), 
which is measured by three detectors: A silicon detector for the visible and near infrared portion 
of the electromagnetic spectrum (VNIR: 350–1000 nm) and two indium gallium arsenide 
(InGaAs) detectors covering the shortwave infrared (SWIR1: 1000–1800 nm and SWIR2: 
1800–2500 nm). (ASD Inc. 2016)  
The spectral resolution of the spectroradiometer is 3 nm in VNIR and 30 nm in the SWIRs, 
while the sampling interval is about 1.4 nm in the VNIR and 2 nm in the SWIRs. The difference 
between the spectral resolution and sampling interval is visualized in Figure 2. However, the 
measured values are automatically interpolated using a cubic spline, so the resulting data 
acquired by the ASD FieldSpec 4 Wide-Res spectroradiometer has 2151 bands 1 nm wide. 









Figure 2: Spectral resolution and sampling interval  
(Source: adapted after ASD Inc. (1999) 
 
The next important specifications of spectroradiometers are the Signal to Noise Ratio (S/N) 
and other characteristics evaluating the “purity” of the measured radiance – the Noise 
Equivalent Radiance (NED) representing the value of radiance which is S/N = 1 or the Noise 
Equivalent Delta Radiance (NEΔL) representing the ratio of the reference radiance to the 
required S/N ratio (Gibbons and Richard 1979; Green 1992; Mac Arthur 2013). The 









/nm/sr for 1400 nm 




/nm/sr  for 2100 nm (SWIR 2) (ASD Inc. 2016). Nevertheless, 
these values can slightly change for every device (ASD Inc. 1999). 
Reflectance measurements by a field spectroradiometer can be undertaken in the field using 
the spectroradiometer’s optical cable only or in combination with a so-called pistol grip (see 
Figure 3), which has a built-in bulls-eye level for added precision. This kind of reflectance 
measurements are usually used for larger areas of reflectance measurements and for surfaces 
that are difficult to measure in laboratory conditions – e.g., canopy reflectance of heterogeneous 
grasslands or large anthropogenic surfaces. This type of measurement was used for the arctic-
alpine tundra reflectance measurements in this thesis (Paper 7). However, field 
spectroradiometer can also be used in the laboratory – coupled with a contact probe 
or integrating sphere. The optical properties of the vegetation at the leaf or shoot level, soil 
samples, etc. are usually measured this way. These types of measurements were used for the 
Norway spruce optical properties measurements in this thesis (Papers 1-4) and will be described 
in detail in next subchapter (2.1.3). 
 
 





Figure 3: Spectroradiometer ASD FieldSpec 4 Wide-Res with pistol grip and measuring the white 
reference (99% Spectralon)  
 
The contact probe (Figure 4) is designed for the contact measurement of solid materials. It 
has its own light source, whose intensity differs between the models determined for inanimate 
materials and the models for vegetation reflectance measurements. In the case of the vegetation 
measurement, the intensity of the illumination is lower to avoid overheating and the degradation 
of the samples (a plant contact probe). Construction of the contact probe is proposed 
to minimize measurement errors associated with stray light and light scattering. The contact 





Figure 4: Spectroradiometer ASD FieldSpec 4 Wide-Res with a plant contact probe 
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The integrating sphere (Figure 5a) collects the reflected (or transmitted) light from the 
samples over a full hemisphere. The sphere, by nature of its internal diffuse reflection and 
integration of the energy, is insensitive to the directional reflectance features coming from the 
sample, and, therefore, gives a very repeatable “averaged” response to the reflectance of the 
sample placed in the beam at the sphere port. The inside of the sphere is covered by a highly 
diffuse polymer material called Zenith®. Zenith® is highly reflective (> 95 %) and 
a Lambertian reflector over the wide spectral range of 350-2500 nm. The light source is a bulb 
resembling, by its properties, the sunlight and produces a collimated beam. The sphere contains 
six entrance ports (Figure 5b) equipped with a sample holder, a light source holder, a light trap, 
white plugs, etc. The settings of the individual ports differ according to type of measurement – 
i.e., reflectance or transmittance of sample, instrument calibration using the white reference and 
stray light measurement. (ASD Inc. 2016) 
The spectroscopic measurements are saved as dimensionless integer values called DNs 






] is given by the 
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Figure 5: Integrating sphere – a) overall view when the vegetation sample optical properties are 
measured b) view from above with the ports description. 
 
2.1.2 ASD contact probe measurements of Norway spruce shoots 
In the case of herbs or deciduous trees, planar leaf reflectance measurements, it is recommended 
to measure several parts of the leaf (avoiding the veins) placed on a black surface with 
minimum reflectance. Concerning conifers, it is impossible to measure just one needle, thus, the 
whole shoots of the same age are measured. The shoots are placed side by side close together 
in one direction in two or three layers on a black-painted plate ensuring minimal reflection of 
the background. The contact probe’s field of view (a diameter of 10 mm) must always be fully 
adjacent to the sample to be sure that no ambient light is getting into the measurement process. 
A dark chamber for measurements is the optimal choice. The recorded radiance at the interval 
of the wavelengths 350 – 2500 nm coming from sample is normalized to the radiance of the 
white reference (99% Spectralon) – Equation 1 – to get the relative reflectance. As for the 
planar leaves, it is advisable to measure the Norway spruce sample in more parts and calculate 
the median or average from all the measurements for one sample (Figure 6). The single 
measurement (at one contact probe position) is also the average of more measurements. The 
number of scans to the average can be changed for each measurement at the spectroradiometer’s 
settings – a value greater than 25 is recommended in the manual to maximize the signal to noise 
ratio (ASD Inc. 2012). 
 
 







Rsample … relative reflectance of the sample, DNsample … measured reflected radiation from the sample (in 




Figure 6: Five reflectance spectral curves measured for one sample and their median and average 
 
2.1.3 ASD integrating sphere measurements of Norway spruce 
needles 
The optical properties measurements using the integrating sphere should be repeatable and 
accurate, but it is necessary to understand what participates in the measured signal (Equation 2; 
ASD Inc. 1999): 
 
[2] Measured signal = true signal + dark current + stray light + random noise 
 
The dark current is an internal noise of the instrument and is recorded every time when the 
white reference is measured, thus, it can be easily subtracted so it is a negligible contributor. 
The stray light is usually quite stable, for the ASD FieldSpec 4 Wide-Res, it reaches around 1 % 
of reflectance in the SWIR and 2 % of reflectance in the VNIR. Because of its stability, it can be 
measured just at the beginning and at the end of all the measurements. It can be also ignored for 
not so precise measurements. The random noise is the integral part of every measuring device 
and it is not possible to correct it. Nevertheless, it is negligible in most cases.   
The basic principles of getting the reflectance or transmittance curves are the same as for the 
contact probe measurements. The radiance coming from the sample is normalized to the 
radiance coming from the white reference. There are two principles of measuring the optical 
properties in the integrating sphere. The first one corrects the data for the so-called substitution 
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error and the second one does not. The approach correcting the substitution error tries to keep 
the overall radiance in the sphere constant during all the measurements (the samples and the 
white reference also). Otherwise, in the case of measuring the vegetation sample reflectance, the 
overall radiance is lower because of its relatively high transmittance in comparison to almost 
zero transmittance of the Spectralon. Configuration of the ports is summed up in Table 1. When 
averaging the scans, it is necessary to set it to the higher value for the integrating sphere than for 
the contact probe, because there is a higher signal to noise ratio (for the Norway spruce needles, 
100 scans are usually averaged).  
 
Table 1: Configuration of the ASD RTS-3ZC integrating sphere for the reflectance and transmittance 
measurements 
(adapter after Yanez-Rausell, Malenovsky, et al. 2014; ASD Inc. 2008) 
 
 
Method Measured Quantity 
Sphere Ports Configuration 

















stray light L W (uncal) LT P P 
white reference L W (uncal) W (cal) P P 
sample L W (uncal)+SH S+SH P P 
Corrects for the 
substitution 
error 
stray light L W (cal)+SH LT P P 
white reference L S+SH W (cal)+SH P P 



















stray light P LT W (uncal) L P 
white reference P W (cal) LT L P 
sample P W (cal) LT L+S+SH P 
Corrects for the 
substitution 
error 
stray light P LT W (uncal) L P 
white reference P W (cal)+SH S+SH L P 
sample P W (cal) LT L+S+SH P 
L – Lamp; W – White reference: uncal … uncalibrated Zenith standard, cal … calibrated Zenith 
standard; S – Sample, SH – Sample Holder, LT – Light Trap, P – white Plug 
 
The needles’ measurements in the integrating sphere are more difficult than the planar 
leaves’ measurements. The first design on how to measure conifers in an integrating sphere was 
proposed by Daughtry, Biehl, and Ranson (1989). Mesarch et al. (1999) edited the process and 
Yanez-Rausell, Schaepman, et al. (2014) and Yanez-Rausell, Malenovsky, et al. (2014) made it 
more accurate and summarized it. The process of measuring the needles in the integrating 
sphere proposed by these authors can be summarized as follows:  
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1) Placing the needles into the sample holders: It is necessary to keep the gaps among the 
needles as small as possible, but the needles cannot touch each other or even overlap. 
2) Measuring the reflectance and transmittance of the sample in the sphere 
by spectroradiometer (as summed up in Table 1) 
3) Black-white scan of needles in the sample holder: The scanner having both bottom and 
top illuminations must be used to avoid any shadows in the scanned picture (Figure 7a) 
4) Automatic calculation of the gap fraction and needle surface based on number of black 
and white pixels in the image. 
5) Calculation of the resulting reflectance and transmittance based on all the measurements 
(the spectra acquired by the spectroradiometer and the gap fraction calculated from the 








Rneedle … reflectance of the needles, DNsample … measured radiance from the sample, i.e., the needles and 
the gaps among them (in DN values), DNstray light … measured stray light (in DN values), DNWR … 
measured radiance from the white reference (99% Spectralon), RW … reflectance of the integrating 
sphere walls (close to 100 %), GF … Gap fraction 
 
 






Tneedle … transmittance of the needles, DNsample … measured radiance from the sample, i.e., the needles 
and the gaps among them (in DN values), DNWR … measured radiance from the white reference (99% 
Spectralon), GF … Gap fiction 
 
The biochemical estimation of the pigments and water content is usually undertaken 
together with the optical properties measurements. To be able to do this, it is necessary 
to expand the above steps. Before placing the needles into the sample holder, it is necessary 
to estimate how many of them will be needed and weigh them (fresh sample weight). When not 
all the needles are placed into the sample holder, it is crucial to keep them with the sample and 
after the optical properties measurements and sample holder scan (Figure 7a) take the needles 
out from the sample holder and scan them all together with the remaining needles (all the 
weighed needles; Figure 7b). Subsequently, these needles are put into a tube, dried and weighed 
again (dry sample weight). Biochemical analyses are then performed. The scanned images 
of needles serve as the basis for recalculating the contents of the biochemical compounds 
contents from the mg of compound/g dry matter to the mg of compound/cm
2
. These units are 
essential, for example, for the radiative transfer models (subchapter 2.2.3).   
 
 





Figure 7: a) Scan of needles placed into sample holder, b) scan of all weighed needles (needles taken 
out from the sample holder + remaining needles for the sample) 
 
2.2 Spectra preprocessing and vegetation traits modeling 2 
The spectra acquired by the laboratory/field spectroscopy offer many possibilities how 
to process them. The spectra can be compared among each other or with the spectral libraries 
(typical, for example, for geological applications) to classify them into some categories. 
However, in vegetation studies, spectra are usually used for vegetation traits modeling. The 
traits can be biochemical (pigments like chlorophyll or carotenoids contents), biophysical (water 
content) or structural (leaf area index etc.). All the models in optical remote sensing can be 
grouped into two major categories 1) empirical, using statistical methods and 2) physical, using 
physical principles, i.e., radiative transfer models. Alternatively, a combination of them (hybrid 
models) also exists (Liang 2004). This thesis is focused on empirical modeling, so the principles 
of it are discussed in detail, however, basic principles of RTM are also summed up for 
comparison. The spectra can also be transformed differently before entering the models, the 
most frequent methods of spectra transformation are derivatives (e.g., Thulin et al. 2012), 
continuum removal (e.g., Kokaly and Clark 1999a) or band ratios called vegetation indices (e.g., 
Main et al. 2011), these methods are also shortly described. 
2.2.1 Spectra transformations 
Algebraic transformations of the original spectral reflectance curves are used for the 
minimization of noise and other factors influencing the spectral information. Derivations and 
Continuum removal are two of the often-used methods for transforming the whole spectral 
curves. On the contrary, vegetation indices transform spectra by just rationing selected bands. 
                                                     
2
 This chapter is compiled based on two chapters (translated and slightly modified; Červená, 
Potůčková, et al. 2017b; Červená, Mišurec, et al. 2017) published in the peer-reviewed book 
Albrechtová, Kupková, and Campbell (2017). 
 




The first derivative of the reflectance spectral curve (Figure 8) expresses a slope, i.e., the rate of 
change in the reflectance values between the neighboring wavelengths. In the case of discrete 
data, the first difference is used instead of the first derivative and is calculated according to 






Dλ(i) … the first difference of the reflectance at wavelength i which is located in the middle of wavelengths 
j and j+1; Rλ(j), Rλ(j+1) ... the reflectance values at wavelengths j resp. j+1; Δλ ... the difference between 
wavelengths j a j+1 
 
Similarly, higher order derivatives can be computed. In comparison to the original 
reflectance spectral curves, the second order and higher derivatives should be relatively 
insensitive to variations in the illumination intensity caused by changes in the sun’s angle, cloud 
cover and topography. (Tsai and Philpot 1998) 
However, derivatives are notoriously sensitive to noise. Thus, smoothing or otherwise 
minimizing noise is a major issue (Tsai and Philpot 1998). Among the various methods for 
smoothing spectral data, algorithms based on the least-square fits are most commonly used – 
perhaps the most common is the Savitzky and Golay method (Savitzky and Golay 1964), which 
provides a simplified least square procedure for simultaneously smoothing and differentiating 
the data (Tsai and Philpot 1998). 
 





Figure 8: Reflectance spectral curve of the Norway spruce (up) and its first and second derivatives 
(lower)  
2.2.1.2 Continuum Removal 
The main objective of the method called Continuum removal (CR) is to enhance and normalize 
the shape of the spectral curve (Kokaly and Clark 1999). Continuum removal is usually 
performed on a selected interval of the wavelengths characterizing the studied phenomena, 
typically around the absorption maximum. The starting and ending points of the selected 
wavelengths interval determine the Continuum line and their new value equals one. Other 
transformed reflectance values inside the interval reach new values from zero to one by 
Equation 6.  
 











 … the reflectance value after CR transformation at wavelength λ, 𝑅𝜆 … the original reflectance value at the same 
wavelength (λ), 𝑅𝐶(𝜆) … the continuum value (i.e., the value at wavelength λ given by the line connecting the end 
points of the spectral curve’s selected interval) (Kokaly and Clark 1999) 
 
Continuum removal at the delimited part of the spectral curve (Figure 9) allows one to 
compute the absorption band depth or its area. This is used in the vegetation index called the 
Area under curve Normalized to the Maximal Band depth between 650 and 725 nm, ANMB650-




Figure 9: Continuum Removal principle – example for the wavelengths interval of ANMB650-725 index  
2.2.1.3 Vegetation indices 
The main purpose of vegetation indices is a reduction of the data spectral range from hundreds 
or even thousands of values to just one value which will represent the studied vegetation trait.  
The biochemical compounds (or biophysical) have their typical absorption features (minima and 
maxima) and vegetation indices try to use them.  
The overview of commonly used indices is possible to find in a book Hyperspectral Remote 
sensing of vegetation (Thenkabail, Lyon, and Huete 2012) or in Czech book Letecký dálkový 
průzkum Země (Zemek 2014b) resp. its English version (Zemek 2014a). A comprehensive list 
of the indices suitable for chlorophyll content estimations are offered in the publications of 
Main et al. (2011) and le Maire, François, and Dufrêne (2004); and for carotenoids contents, the 
publications of Hernández-Clemente, Navarro-Cerrillo, and Zarco-Tejada (2012) and Yi et al. 
(2014). 
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1) Simple ratio indices of reflectance or first derivative at two wavelengths  
2) Normalized difference indices (e. g. NDVI) 
3) Indices using three spectral bands 
4) Combined indices – also possibly including some coefficients (e.g. TCARI/OSAVI) 
5) Indices based on spectral continuum, integral indices 
6) Red edge inflection point 
7) Other 
 
Other possible division is considering the scale level for which the indices were designed: 
1) leaf level (i.e., spectral curves measured by a spectroradiometer and contact probe or 
integrating sphere), 2) ground level (i.e., spectroradiometric measurements in the field), 
3) crown or canopy level – aerial or satellite remote sensing data. Also, a division into broad-
band (multispectral data) and narrow-band (hyperspectral data) indices exists. 
2.2.2 Empirical models 
The empirical (or statistical) models are based on finding the relationship between the 
quantitative parameter of the vegetation derived in the laboratory or in the field (dependent 
variable) and the vegetation optical properties, usually reflectance (independent variable). 
Different kinds of regressions are used for these purposes, e.g., simple linear regression, 
multiple stepwise regression (MSR) or partial least square regression, PLSR (Main et al. 2011; 
Thulin et al. 2012; Yi et al. 2014). These methods will be described in following subchapters. 
An advantage of the empirical models is their computational simplicity and speed. They 
work well locally, but it is not possible to transfer them to another locality, time period, 
ecosystem or other remote sensing data (Liang 2004). 
2.2.2.1 Simple regression 
The simplest type of regression (as the name implies) is simple linear regression, where the 
dependency between two quantitative characteristics is expressed by a straight line defined by 
Equation 7: 
 
[7] y = a + bx + ε 
y … dependent variable, x … independent variable, a and b … regression coefficients, i.e., values which 
are estimated by the least squares using the sample data, ε … random variability (“error”). 
 
However, simple regression does not have to always be linear, the sample data can also be 
approximated by a polynomial curve (usually 2
nd
 order polynomial – parabola, i.e., quadratic 
regression). In practice, the data is usually transformed firstly by the selected function and then 
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approximated again by the straight line. Dependencies approximated by the exponential 
or power function can also be transformed to a linear problem. 
The coefficient of determination (R
2
) describes the proportion of the variance in the 
dependent variable that is predictable from the independent variable. It is a statistical measure 
of how well the regression predictions approximate real data points. It reaches values in the 
interval <0, 1>, higher values close to one mean more successful regression (an R
2
 
of 1 indicates that the regression predictions perfectly fit the data). This coefficient is also used 
for the evaluation of other types of regression.  
For more information about the mathematical background of simple and multiple stepwise 
regression, see the statistical books, e. g. Zvára (2003) or Zvára (2008). How to compute these 
methods in the free available statistical software R (https://www.r-project.org/) is summarized 
by Pekár and Brabec (2009) or Crawley (2013). 
2.2.2.2 Multiple stepwise regression 
Multiple stepwise regression is a method which tries to find the optimal model by adding or 
subtracting the independent variables step by step. The objective is to maximize the prediction 
power with the least number of independent variables (wavelengths) which are statistically 
relevant for the prediction of the dependent variable values (vegetation trait values). 
This method is also used as an explorative one.  
Two basic approaches how to compute multiple stepwise regression exist – forward and 
backward selection. Forward selection creates a model progressively from a constant by adding 
more independent variables (wavelengths) based on the simple correlation coefficient. Firstly, 
the statistically significant independent variable which describes the dependent variable best 
is added. Then, a similar procedure is applied with the exception that the newly added 
independent variable cannot be correlated with any other independent variable added to the 
model earlier. Backward selection computes the resulting model reversely, i.e., it adds all the 
possible independent variables to the model and then eliminates those, which are not 
statistically significant, step by step. This method is not used in spectroscopy very often because 
of the huge number of independent variables (wavelengths).  
The result of both methods is based on the limitation of the maximum number 
of wavelengths that can be used is equal to the number of samples. The wavelengths are sorted 
according to their influence on the studied vegetation trait (biochemical or biophysical 
compounds or structural parameter). However, due to the requirement to maintain the 
relationship between the spectral reflectance and vegetation trait as simply as possible, it is not 
appropriate to use a larger number of wavelengths for the resulting equation than about 10 % 
of the number of input samples. The resulting model can look like this (for the spectral 
reflectance ), Equation 8. 
 
[8] vegetation_trait = a0 + a1*  (1) + a2* (2) + … +an* (n) 
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a0, a1, a2, ..., an ... regression function coefficients,  (i) … reflectance at wavelength i 
 




2.2.2.3 Partial least square regression 
In comparison to the two previously described methods, partial least square regression uses all 
the input spectral reflectance values. It uses the principles of the Principal component analysis 
(PCA) and multiple linear regression. It is used often in spectroscopy, because it allows one to 
predict the dependent variables, also from the huge number of independent ones. Compared to 
PCA, which constructs new components only on the basis of the highest variability in the input 
data (which may not explain the studied variable at all), the PLSR constructs new components 
on the basis of the highest variability which also explains the dependent variable (they are 
correlated). 
The key question for creating the models using PLSR is: How many components is it 
optimal to use for the model? A redundant number of components can describe the calibration 
data better, but simultaneously it also describes its random errors, so the general prediction 
power is lost. This is called over-fitting. On contrary, under-fitting means not using all the 
relevant information available in the data. For the optimal number of component estimation and, 
thus, reaching the maximal prediction power of the model, the method of cross-validation 
is used. Cross-validation randomly splits the data into k disjoint subsets of approximately the 
same size. In an extreme scenario (method Leaf-one-out, LOO), the number of disjoint subsets 
equals the number of samples. Then, the prediction model is computed based on k-1 subsets. 
The values of the dependent variable are predicted based on this model for the skipped subset 
of data. This is repeated until every sample has just one prediction of the studied dependent 
variable. These predictions are then compared to the reference (measured) values using, for 
example, the Root Mean Squared Error of Prediction (RMSEP).  The RMSEP value can be 
plotted as a function of the number of components. For a good PLSR model the satisfactory 
number of components is where the first significant local minimum of the RMSEP is situated 
(usually, it corresponds to units up to ten components). Similarly, the coefficient 
of determination can be used for the number of the component estimate (its first local 
maximum). The coefficient of determination is also used for the complete prediction model 
power evaluation. 
For computing the PLSR method, the free available statistical software R (https://www.r-
project.org/) with a package ‘pls’ can be used (Mevik and Wehrens 2007). 
2.2.3 Radiative transfer models 
Radiative transfer models (RTMs) are based on algorithms simulating radiation propagation in 
the environment and its interactions with objects. RTMs successfully simulate the radiative 
 
CHAPTER 2: Overview of the studied topic 
33 
 
transfer interactions of light scattering and absorption through the atmosphere. These models are 
typically used for the atmospheric correction of airborne/satellite data and allow for the retrieval 
of atmospheric composition, e.g., 6S – the Second Simulation of the Satellite Signal in the Solar 
Spectrum (Vermote et al. 1997). However, RTMs also simulate the radiative transfer interaction 
of light and vegetation – on the leaf level with biochemical and biophysical properties and 
at canopy level with structural properties (ARTMO 2018). Compared to the empirical models, 
the main advantage of RTMs is that they are transferable from the areas where they were trained 
to other locations with the same vegetation cover. It is also possible to use RTMs for vegetation 
monitoring over time. On the other hand, the development and training of RTMs is very 
complicated and time-demanding. It is necessary to have it in mind, as well that every model 
generalizes the reality in some way and when using the inappropriate model, the results can be 
distorted (Liang 2004). Although radiative transfer modeling is not the object of the presented 
thesis, it is shortly described in the following text as it is often used as alternative to empirical 
modeling. Another reason to mention RTMs here is that the spectra acquired by laboratory 
spectroscopy on which one part of the thesis is focused are essential inputs for radiative transfer 
modeling and any inaccuracies in the spectra measurements can cause inaccuracies in the 





Figure 10: Forward (a) and inverse (b) radiative transfer modeling  
τ ... transmittance, plotted as 1 – τ; α ... absorbance; ρ ... reflectance; RTM … radiative transfer model 
 
Radiative transfer models work in two modes – forward and inverse (see Figure 10). In the 
forward modeling (Figure 10a), the output is a spectral reflectance or transmittance curve based 
on the specific combination of biochemical, biophysical and structural properties of the 
vegetation leaf/crown/canopy and sensor’s configuration. The comparison of the modeled 
spectral curves with the spectral curves measured in the laboratory or field gives the prediction 
power of the model. It also identifies the intervals of the wavelength where the model is in good 
agreement and where the shortcomings are. This helps in improving the model, and allows for 
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the selection of the spectral features to be used in the model application (Schlerf and Atzberger 
2006). However, for remote sensing, inverse modeling (Figure 10b) plays an important role. 
The inversions of RTMs are successfully used on a leaf level, but they are problematic at the 
canopy level because of these models’ complexity. A successful inversion of an RTM requires 
three factors: a good model, an appropriate inversion procedure, and a set of calibrated spectral 
curves (S Jacquemoud 2000). Outside the number of different models, there are more inversion 
strategies which were summed up by Schlerf and Atzberger (2006) followingly:   
1) Look-Up-Tables (LUT) – a database created by forward modeling. It contains many 
possible combinations of studied vegetation parameters and spectra modeled. To 
estimate the vegetation parameters using the LUT approach, a measured reflectance 
spectrum is compared to all spectra stored in the LUT. The estimated solution 
corresponds to the parameter combination giving the highest agreement between 
measured and simulated canopy reflectance (i.e., the smallest value of the merit 
function). The main disadvantage of this approach is the fact that LUT tends to be rather 
large if the parameter space is to be sampled with a high density and/or if many 
parameters are to be estimated. This may lead to a time-consuming search as each pixel 
has to be scanned individually. 
2) Predictive equations – also rely on a large database of simulated spectral curves. 
However, it is only used to establish the regression equations between the optical and 
vegetation properties. In this way, this approach is very similar to the empirical 
modeling, but the field work is not necessary as the spectral curves are simulated by the 
model. An advantage of this procedure is its speed and an application to real imagery is 
straightforward. On the contrary, for every parameter, a separate regression equation 
must be specified; the form of the relationship must also be specified explicitly by the 
researcher.  
3) Artificial Neural Networks (ANN) – algorithm uses a connected layer composed of 
neurons to train the non-linear relationship between the inputs (simulated spectra) and 
outputs (vegetation properties). The relationships are given by weights and are 
straightly applied to real imagery to determine the vegetation parameters. The algorithm 
is fast and the relationships can be nonlinear, but the training phase is very time-
demanding and an algorithm can behave unpredictably in the case of imperfections in 
the training data.   
4) Numerical optimization techniques using iterations – traditional inversion trying to 
estimate the model parameters by minimizing a merit function. These techniques have 
several drawbacks: achieving globally optimal and stable results is difficult as well as 
retrieving two or more parameters simultaneously. And generally, these methods are 
computationally ineffective because of the iterations. 
As mentioned above, radiative transfer models were developed on two levels – leaf and 
canopy. Leaf level RTMs simulate optical properties of the individual leaves or needles based 
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on their biochemical, biophysical and structural properties. Canopy level RTMs simulate 
interactions of solar radiation in the whole vegetation cover and leaf optical properties are just 
one input of these models. Other necessary inputs are typically vegetation height, density, shape 
of the crowns and other parameters describing the vegetation cover structure. All approaches to 
modeling the radiation in a canopy can be summarized into four categories after Goel (1988): 
(1) Turbid medium models; (2) Geometrical models;  (3) Computer simulation models and 
(4) Hybrid models. Also, models connecting both leaf and canopy levels exist – e.g., PROSAIL 
(Stéphane Jacquemoud et al. 2009, http://teledetection.ipgp.jussieu.fr/prosail/), which is often 
used because of its simplicity. This model combines leaf level model PROSPECT (S. 
Jacquemoud and Baret 1990) and canopy level model SAIL (W. Verhoef 1984). A summary 
and comparison of all standardly used RTMs on the canopy level is provided at the official 
website (http://rami-benchmark.jrc.ec.europa.eu/HTML/) of the radiation transfer model 
intercomparison (RAMI) initiative.  
Using RTM is quite complicated for the broader remote sensing community because every 
model was developed in a different programming language and the codes are often difficult to 
access. However, nowadays the Automated Radiative Transfer Models Operator (ARTMO) 
Graphic User Interface (GUI) (http://ipl.uv.es/artmo/) implemented in MATLAB exists 
(ARTMO 2018). It is a software package that provides essential tools for running and inverting 
a suite of plant RTMs, both on the leaf and on the canopy level (Verrelst, Romijn, and Kooistra 
2012). Version 3.23 contains the following models on the leaf level: PROSPECT 4 (S. 
Jacquemoud and Baret 1990; S. Jacquemoud et al. 1996; Fourty et al. 1996), PROSPECT 5 
(Feret et al. 2008) and PROSPECT-D (Féret et al. 2017), LIBERTY (Terence P. Dawson, 
Curran, and Plummer 1998), DLM (Stuckens et al. 2009) and Fluspect-B, also simulating leaf 
chlorophyll fluorescence spectra (Vilfan et al. 2016); and on the canopy level: 4SAIL (Wout 
Verhoef and Bach 2003), FLIGHT (North 1996; M. I. Disney, Lewis, and North 2000) and 
INFORM (Atzberger 2000; Schlerf and Atzberger 2006); and a combined model SCOPE 
linking the top of the canopy observations of radiance with land surface processes (e.g., 
photosynthesis) (van der Tol et al. 2009; van der Tol et al. 2014). 
 
2.3 Challenges in laboratory/field spectroscopy and remote 
sensing for selected ecosystems  
2.3.1  Norway spruce forest ecosystem (Krušné hory Mountains) 
Norway spruce forests have great ecological and economic importance (Rautiainen et al. 2018), 
however, being a tree monoculture, they are very vulnerable to different biotic (e.g., forest 
insect disturbances) and abiotic (e.g., wind, fire, atmospheric pollution, higher soil acidity) 
stress factors (Manion 1991; Albrechtová, Kupková, and Campbell 2017). That is why 
monitoring the pysiological status of monocultural forest is necessary and, as many studies in 
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the last decades proved, satellite and airborne remote sensing is a perfect tool for it. 
Multispectral sensors (mainly Landsat data) are the most common source of remote sensing data 
for monitoring the forest decline, e.g., for Norway spruce forest disturbances caused by Bark 
beetle monitoring (Senf, Seidl, and Hostert 2017) and their predictions (Hais et al. 2016) or for 
Norway spruce forest damage caused by air pollution (Lambert et al. 1995) and for monitoring 
Norway spruce stand recovery also (Mišurec et al. 2016). However, the applicability of 
multispectral data for vegetation studies is limited – their spectral and spatial resolutions allow 
one to distinguish only basic forest damage classes (e.g., Lambert et al. 1995). Therefore, 
airborne hyperspectral imagery started to be used for monitoring forests. Hyperspectral remote 
sensing allows one to detect the initial stages of Norway spruce forest decline (Campbell et al. 
2004; Brovkina et al. 2017) and to estimate the quantity of various vegetation traits related 
mostly to the physiology and biochemistry (Homolová, Malenovský, et al. 2013). Plant 
pigments are the most studied traits (Homolová, Malenovský, et al. 2013) and among them 
chlorophylls a and b (Cab) have received the most attention (for Norway spruce, e.g., Schlerf et 
al. 2010; Zbyněk Malenovský et al. 2013). Carotenoids (e.g., Hernández-Clemente, Navarro-
Cerrillo, and Zarco-Tejada 2012) and anthocyanins (Gitelson, Keydan, and Merzlyak 2006 - just 
the deciduous species) are the other studied pigments, but studies specifically focused on these 
pigments in Norway spruce are rare. Besides the pigments, lignin and cellulose, polyphenols, 
leaf water content, leaf mass per area and elements such as nitrogen, phosphorus, potassium, 
magnesium or calcium can be potentially retrieved from spectral data too (Homolová, 
Malenovský, et al. 2013). Forest biophysical variables (e.g., LAI, crown volume) can be 
accurately estimated by imaging spectrometry data also (e.g., Schlerf, Atzberger, and Hill 
2005).   
However, there are still many challenges in the quantitative remote sensing of Norway 
spruce forest traits. The canopy structure is the first challenge, which affects canopy reflectance 
(M. Disney, Lewis, and Saich 2006; Rautiainen et al. 2004) and, thus, the accuracy 
of biochemical traits retrieval (Homolová, Malenovský, et al. 2013). The second challenge is 
associated with obtaining reliable information on the optical properties of Norway spruce 
needles in the laboratory. This information is needed for the parameterization of RTMs, the 
interpretation of remotely sensed hyperspectral data and for the successful calibration and 
validation of remote sensing methods. These two issues concerning the canopy structure and the 
laboratory spectroscopy measurements of the needles are described more in the next text 
as articles engaged with this doctoral thesis contribute to their solution. Another challenges, 
as reported in a review by Rautiainen et al. (2018), are the multiple scattering of photons 
occurring in coniferous canopies due to the needles’ arrangement in whorls or shoots and the 
significant contribution by the understory layer or the forest floor to the remotely sensed 
reflectance of the coniferous forests. 
The position in the canopy is especially important for conifers. As was proven by Lukeš et 
al. (2013), the spectra of Norway spruce needles were more dependent on the canopy’s position 
than the spectra of birch leaves. Different levels of irradiation in the Norway spruce canopy 
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actually have an influence on the shape of the needles, the shaded ones are usually flatter 
compared to the sun exposed needles with a more circular or rhomboidal cross-section (Cescatti 
and Zorer 2003). This can cause an uncertainty in the field measurements of the Norway 
spruce’s leaf area and, thus, the biochemical properties, which are often expressed on a leaf area 
basis. The total leaf area is straightforward to estimate for broadleaved, dorsiventral leaves 
(twice the projected leaf area measured, for example, by desktop scanners) but models taking 
the three-dimensional shape of coniferous needles into account and its variations caused by 
different irradiation are necessary for the Norway spruce (Homolová, Lukeš, et al. 2013). Some 
studies also use LiDAR (Light Detection and Ranging) technology to model the canopy 
structure of coniferous forests (van Leeuwen and Nieuwenhuis 2010). The 3D tree architecture 
(including information about the stem, main branches and spatial distribution and density of the 
foliage) derived from ground-based or aerial LiDAR scanning is then used as one of the detailed 
inputs for radiative transfer modeling (Yáñez et al. 2008; Homolová et al. 2017). This thesis 
contributes to the research of the Norway spruce canopy structure by the comparison of 
prediction empirical models for photosynthetic pigments and water content estimations based on 
laboratory spectroscopy for the three vertical canopy levels.   
All the field spectroscopy devices (IS, CP, leaf clip) were designed to measure the optical 
properties of dorsiventral leaves, not coniferous needles. Methodologies for Norway spruce 
needle measurements in an integrating sphere were already proposed by Daughtry, Biehl, and 
Ranson (1989) and improved by Mesarch et al. (1999); Yanez-Rausell, Schaepman, et al. (2014) 
and Yanez-Rausell, Malenovsky, et al. (2014) as described in subchapter 2.1.3. Nevertheless, 
the measurements are very time-demanding and provide many opportunities for measurement 
uncertainty, e.g., the resulting reflectance and transmittance spectra, despite being corrected, 
still depend on the gap fraction of the sample (Mesarch et al. 1999). Measurements of the shoots 
by a plant contact probe are described, for example, in Lhotáková et al. (2013), but this type of 
measurement can be affected by the multiple scattering of photons. Measurements of the 
coniferous needles using a plant contact probe and fore optics lens are described and compared 
by Einzmann et al. (2014), who recommended measurements with a plant contact probe because 
of its accuracy, speed, flexibility and ability to collect spectra from smaller size samples also. 
However, it is still unclear, which method of reflectance spectra collection is more applicable 
for needles. The present thesis aims on answering this question by comparing the spectra 
collected with a contact probe and an integrating sphere. Besides the comparison of the spectra 
acquired by different laboratory devices for different types of material (Spectralon, colored 
papers, tobacco leaves and Norway spruce needles), the thesis also evaluates different data on 
different scales (biochemical/biophysical retrievals of pigments and water content, laboratory 
and airborne image spectroscopy measurements) for the detection of the differences in the 
physiological status of Norway spruce stands.  
The planting of Norway spruce in the Czech Republic has significantly exceeded its natural 
areal extension and, nowadays, it also grows in less suitable areas for this species (Albrechtová, 
Kupková, and Campbell 2017). Because of the wide extension of Norway spruce (50.5 % of the 
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forest land in the Czech Republic in 2016, Ministerstvo zemědělství 2017) it is often studied by 
Czech researchers. This thesis contributes to the assessment of the Norway spruce physiological 
status in the forests of the Krušné hory Mountains, which used to be a part of the so-called 
“Black Triangle” – the border area of Czechia, Germany and Poland with the biggest 
concentration of atmospheric pollution producers (coal burning power plants and heavy 
industry) (Valášek 1998). The main imission pollutants with an acidifying influence were sulfur 
dioxide SO2 and oxides of nitrogen NOx, which reached a maximal content in the atmosphere 
at the beginning of the 1980’s as a result of the peak of brown coal mining and combustion in 
the region (Šrámek et al. 2015; Albrechtová, Kupková, and Campbell 2017). The high level of 
air pollution led to the large-scale dieback of the Norway spruce forests between 1970 and 2000 
in the Krušné hory Mountains. However, due to the prevailing eastward direction of the wind, 
trees in the western part of the mountains were significantly less damaged than in the eastern 
part. The desulphurization of power plants in northern Bohemia began in 1993 and, nowadays, 
the one major negative factor affecting tree physiological status in Norway spruce forests is just 
the persistent acidification of the soils, which is less favorable in the western part of the Krušné 
hory Mountains as a result of the geologic bedrock (Šrámek et al. 2015). The Norway spruce 
forest damage in this area was studied by Lambert et al. (1995) and Ardö et al. (1997) using 
Landsat data and by Campbell et al. (2004) using hyperspectral data. The papers presented in 
this thesis, together with the study of Mišurec et al. (2016), are part of the follow up project. 
2.3.2 Relict arctic-alpine tundra ecosystem (Krkonoše Mountains) 
Generally, tundra represents a natural ecosystem dominated by grasses and dwarf pine, sensitive 
to the climate change, the latter being more pronounced in arctic areas (Hassol 2004). Virtanen 
and Ek (2014) therefore stressed the urgent need for realistic and accurate land cover 
classification of arctic ecosystems. However, the coarse resolution data (Landsat, MODIS, 
NOAA AVHRR), which cannot reveal actual vegetation pattern in such fragmented landscape 
as tundra (Virtanen and Ek 2014), are usually used for vegetation and land cover change 
evaluation in Arctic (e. g Stow et al. 2004; Johansen, Karlsen, and Tømmervik 2012). But 
recently, field spectroscopy is starting to be used for detailed mapping also in Arctic regions – it 
was employed by Bratsch et al. (2016) and by Davidson et al. (2016) together with WorldView-
2 data for mapping Arctic tundra vegetation communities in Alaska. 
The constraints such as frequent cloud cover, a short vegetation season, a hilly relief, a 
fragmented landscape and often poor accessibility of tundra regions, are the reason that not 
many quantitative studies based on remote sensing or field spectroscopy data have been 
published for this ecosystem. The estimates of the biomass based on field spectroscopy were 
published by Hope, Kimball, and Stow (1993) and Bratsch et al. (2017) for Arctic tundra. Field 
spectroscopy was also used for the estimation of the green percent vegetation cover (PVC) for a 
study site in the Canadian High Arctic by Liu, Budkewitsch, and Treitz (2017). More studies 
were conducted for alpine meadows, e.g., the relationships between the biomass and field 
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spectroscopy data were studied by Halabuk et al. (2013); Sakowska, Juszczak, and Gianelle 
(2016) evaluated the seasonal changes in the grassland total canopy chlorophyll content (CCC), 
the fraction of photosynthetically active radiation absorbed by the vegetation canopy (fAPAR) 
and the fraction of photosynthetically active radiation absorbed by its photosynthesizing 
components (GfAPAR) only based on continuous field spectroscopic measurements and 
simulated Sentinel-2 data. Biophysical parameters of mountain meadows in the Krkonoše 
Mountains were studied by field spectroscopy and APEX hyperspectral data by Anna 
Jarocińska and her colleagues (Jarocinska et al. 2014; Jarocińska 2014; Jarocińska et al. 2016). 
The natural heterogeneous grassland’s biophysical parameters were studied also by 
Darvishzadeh (Darvishzadeh, Skidmore, Schlerf, Atzberger, et al. 2008; Darvishzadeh, 
Skidmore, Schlerf, and Atzberger 2008). This thesis presents the first research of the 
biophysical parameters (vegetation height, cover and fAPAR) of relict arctic-alpine tundra in 
the Krkonoše Mountains based on field spectral measurements.  
The relict arctic-alpine tundra located in the Krkonoše Mountains National Park (KRNAP; 
Figure 11) is a unique ecosystem combining arctic, alpine and middle European flora and fauna. 
Three main types of tundra are present here – cryo-eolian / lichen tundra (mosses, lichens and 
alpine heathlands) on the tops of the highest mountains, vegetated-cryogenic / grassy tundra 
(Pinus mugo scrub, peat bogs and closed alpine grasslands dominated with Nardus stricta and 
subalpine tall grasslands) on the plateaus of the Luční bouda and Labská bouda and niveo-
glacigenic / flower-rich tundra in the glacier cards. This strictly protected area lies above the 
tree line and although it covers only 47 km
2
 (7.4 % of the total Krkonoše Mountains area), 
several endemic species can be found here. (Soukupová et al. 1995; Kociánová, Štursa, and 
Vaněk 2015) 
Currently, changes in vegetation composition in the relict arctic-alpine tundra in the 
Krkonoše Mountains are being recorded. Closed alpine grassland dominated with Nardus stricta 
are threatened by the spread of competitive grasses Calamagrostis villosa (Hejcman et al. 2009) 
and Molinia caerulea (Hejcman, Češková, and Pavlů 2010). Also, the expansion of Pinus mugo 
scrub (Štursa and Wild 2014) and of Norway spruce (Treml, Ponocná, and Büntgen 2012) were 
observed. Further changes in the vegetation composition are caused by direct human influence, 
e.g., by tourism (Vítek, Vítková, and Müllerová 2012). Therefore, a detailed mapping and 
monitoring the changes is necessary. Remote sensing can be very helpful for this task (e.g., 
Stow et al. 2004; Davidson et al. 2016; Marcinkowska-Ochtyra et al. 2018) although there are 
many mentioned constraints above (such as frequent cloud cover and a short vegetation season) 
which make its using more difficult. The first mapping and assessment of the changes in the 
tundra vegetation of the Krkonoše Mountains plateau was performed by Müllerová (2005) using 
multispectral aerial imagery from 1986, 1989 and 1997. She separated six, respectively nine, 
classes, however, not the particular species of the competitive grasses. Other research in the area 
of the Krkonoše Mountains tundra mapping has been made by Polish scientists (Marcinkowska 
et al. 2014; Marcinkowska-Ochtyra et al. 2017, 2018). They were using APEX hyperspectral 
data for classifications of up to twenty-four classes. Classifications of relict arctic-alpine tundra 
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in the Krkonoše Mountains in this thesis are focused on the differentiation of the above-
mentioned species (original Nardus stricta and expanding grass species, Pinus mugo and other 
categories specific for the area) and on the evaluation of different remote sensing data and 








CHAPTER 3: Objectives and research questions 
41 
 
3 Objectives and research questions 
 
The main objective of this doctoral thesis was to explore the possibilities of laboratory 
spectroscopy and remote sensing hyperspectral and multispectral data utilization for the 
evaluation of two structurally and functionally different montane ecosystems – Norway spruce 
forest and relict arctic-alpine tundra. Each chapter then contributes to the specific issues 
associated with the selected ecosystems studies as described in subchapters 2.3.1 and 2.3.2.  
 
In the case of the Norway spruce montane forest ecosystem, the contributions of this thesis are 
in comparison of the spectra acquired by different laboratory devices and in evaluation of the 
differences between the spectral and biochemical/biophysical information on different scale 
levels and in a tree crown. All the studies are conducted based on the datasets gained in the 
Krušné hory Mountains, where the forests were heavily damaged by acid deposits (mainly SO2) 
during the 1970’s, therefore, the thesis also includes an applied ecological asset in evaluating 
the actual status of the Norway spruce forests located in the area. The specific research 
questions for the chapter dealing with the Norway spruce forest are following:  
 
Q1. Do the differences in the physiological status of the Norway spruce stands recorded during 
the 1990’s between two differently polluted areas located in the western (Přebuz) and central 
(Kovářská) Krušné hory Mountains still exist? Is it possible to detect these differences based on 
the biochemical/biophysical retrievals of the pigments and water content, as well as from the 
laboratory and airborne image spectroscopic measurements? A different scale is also 
considered, i.e., the differences at the level of the areas, stands, position in the crown and the 
needle age classes. 
 
Q2. Are there differences between the spectra collected with a plant contact probe and an 
integrating sphere? Are the retrieved leaf biochemical properties obtained from the spectral 
measurements performed with a CP and an IS yielding comparable results? To what extent does 
the leaf morphological type (dorsiventral leaves vs. coniferous needles) affect the differences 
between the spectral leaf properties obtained with a CP and an IS?  
 
Q3. Are the prediction empirical models for the photosynthetic pigments and water content 
estimations based on laboratory spectroscopy on the leaf level of the Norway spruce 
comparable for the three vertical canopy levels?  
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In case of relict arctic-alpine tundra ecosystem, the contributions of this thesis are especially in 
the observation of a very unique ecosystem. As mentioned in Chapter 2.3.2 the detailed 
mapping and biophysical properties monitoring of tundra ecosystems are needed worldwide and 
even in Arctic tundra regions field spectroscopy and aerial hyperspectral data are used rarely. 
The specific research aims for chapter dealing with relict arctic-alpine tundra are the following:  
 
A1. To compare the selected multispectral and hyperspectral data with the various spatial and 
spectral resolutions for the tundra vegetation classification using two differently detailed 
legends and different classifiers including an object-based image analysis and a per-pixel 
approach. 
 
A2. To construct the prediction empirical models for the tundra vegetation height, cover and 
fAPAR based on the field spectral measurements and to compare how the models differ if the 
datasets are acquired in a different phenology phase (July 2015 and August 2015). 
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4 Norway spruce forest ecosystem 
 
This chapter consists of four publications (three peer-reviewed papers and one shorter peer-
reviewed conference paper) providing new insights in laboratory spectroscopy for Norway 
spruce montane forest ecosystem and evaluating the actual physiological status of Norway 
spruce forests located in the Krušné hory Mountains: 
 
Paper 1: Červená, Lucie, Zuzana Lhotáková, Veronika Kopačková, Lucie Kupková, Jan 
Mišurec, Markéta Potůčková, Pavel Cudlín, Petya Entcheva-Campbell, a Jana Albrechtová. 
2014. „Temporal changes in Norway spruce physiological status using hyperspectral data: A 
case study of mountainous forests affected by long-term acidic depositions". EARSeL 
eProceedings. http://dx.doi.org/10.12760/02-2014-1-13. 
 
Paper 2: Potůčková, Markéta, Lucie Červená, Lucie Kupková, Zuzana Lhotáková, a Jana 
Albrechtová. 2016. „Statistical comparison of spectral and biochemical measurements on an 
example of Norway spruce stands in the Ore Mountains, Czech Republic". Geoinformatics FCE 
CTU 15 (1): 69–83. https://doi.org/10.14311/gi.15.1.6. 
 
Paper 3: Potůčková, Markéta, Lucie Červená, Lucie Kupková, Zuzana Lhotáková, Petr Lukeš, 
Jan Hanuš, Jan Novotný, a Jana Albrechtová. 2016. „Comparison of Reflectance Measurements 
Acquired with a Contact Probe and an Integration Sphere: Implications for the Spectral 
Properties of Vegetation at a Leaf Level". Sensors 16 (12): 1801. 
https://doi.org/10.3390/s16111801. 
 
Paper 4: Červená, Lucie, Zuzana Lhotáková, Lucie Kupková, Monika Kovářová, a Jana 
Albrechtová. 2014. „Models for estimating leaf pigments and relative water content in three 
vertical canopy levels of Norway spruce based on laboratory spectroscopy". In EARSeL 34th 
Symposium Proceedings, editoval Bogdan Zagajewski, Marlena Kycko, a Rainer Reuter, 6.1-
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5 Relict arctic-alpine tundra ecosystem  
 
This chapter consists of three publications (two peer-reviewed papers and one shorter peer-
reviewed conference paper) focused on remote sensing image data and field spectroscopy for 
the unique area of relict arctic-alpine tundra ecosystem evaluation. 
 
Paper 5: Suchá, Renáta, Lucie Jakešová, Lucie Kupková, a Lucie Červená. 2016. 
„Classification of Vegetation above the Tree Line in the Krkonoše Mts. National Park Using 
Remote Sensing Multispectral Data". AUC GEOGRAPHICA 51 (1): 113–29. 
https://doi.org/10.14712/23361980.2016.10. 
 
Paper 6: Kupková, Lucie, Lucie Červená, Renáta Suchá, Lucie Jakešová, Bogdan Zagajewski, 
Stanislav Březina, a Jana Albrechtová. 2017. „Classification of Tundra Vegetation in the 
Krkonoše Mts. National Park Using APEX, AISA Dual and Sentinel-2A Data". European 
Journal of Remote Sensing 50 (1): 29–46. https://doi.org/10.1080/22797254.2017.1274573. 
 
Paper 7: Červená, Lucie, Lucie Kupková, a Renáta Suchá. 2016. „Field Spectroscopy for 
Vegetation Evaluation along the Nutrient and Elevation Gradient above the Tree Line in the 
Krkonoše Mountains National Park." ISPRS - International Archives of the Photogrammetry, 
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6 Synthesis and discussion 
6.1 Norway spruce forest ecosystem 
The first part of the present thesis (Papers 1-4) analyzes the data measured for the Norway 
spruce stands in the Krušné hory Mountains in 2013. Besides the utilization of this data for 
solving the methodological issues associated with the research of the homogeneous spruce 
ecosystems using laboratory and image spectroscopy (Papers 2-4), the physiological status 
of the Norway spruce forest ecosystems in the Krušné hory Mountains was evaluated (Papers 1-
2). Paper 1 shows the equalization of the Norway spruce physiological status between the 
central and western part of the Krušné hory Mountains in the period 1998 – 2013, which is 
given by the regeneration of the trees in the central part (area Kovářská) and slight worsening of 
the trees’ physiological status in the western part (area Přebuz). This was proven based on the 
ratio between the total carotenoids and the total chlorophylls (Car/Cab), which significantly 
decreased in the area of Kovářská and increased in the area of Přebuz between 1998 and 2013. 
This result can be explained by the soil geochemical conditions, which are less favorable in the 
western part (prevailing poor soils on naturally acidic rocks with very low basic nutrient 
contents; Šrámek et al. 2015) and which are now, after elimination the air pollution, the main 
factor affecting the vegetation physiological status. From a methodological point of view, 
a similar conclusion about the physiological status of Norway spruce stands in the Krušné hory 
Mountains was investigated whether it can be derived from laboratory and image spectral data 
and what the relationships are between the spectral data and the biochemical and biophysical 
traits of the Norway spruce needles determined in the laboratory. The next methodological 
issues are associated with the measurements of the Norway spruce optical properties in the 
laboratory conditions and to what extent the spectra are influenced by the device used for the 
measurements. Three thematic groups of research questions joined with these topics were asked 
in Chapter 3. The answers are described in Papers 2-4 in detail. The most important findings 
and discussion of the results are presented in the following text. 
 
Q1. Do the differences in the physiological status of the Norway spruce stands recorded during 
the 1990’s between two differently polluted areas located in the western (Přebuz) and central 
(Kovářská) Krušné hory Mountains still exist? Is it possible to detect these differences based on 
the biochemical/biophysical retrievals of the pigments and water content, as well as from the 
laboratory and airborne image spectroscopic measurements? A different scale is also 
considered, i.e., the differences at the level of the areas, stands, position in the crown and the 
needle age classes. (Paper 2) 
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Significant differences (p ≤ 0.05) between the western part (area Přebuz) and the central part 
(area Kovářská) of the Krušné hory Mountains were not detected by means of the analysis 
of variance based on the reflectance spectra measured with an ASD FieldSpec 4 Wide-Res 
spectroradiometer equipped with a plant contact probe on the shoot level or based on the 
reflectance spectra on the tree crown level obtained from airborne hyperspectral image acquired 
with the APEX sensor in 2013. However, the differences between the areas were proven based 
on the biochemically retrieved photosynthetic pigments and water content, though they were 
rather mild considering the absolute values of the derived compounds.  
Using the biochemically retrieved photosynthetic pigments and water content and the 
reflectance spectra measured with the spectroradiometer and the plant contact probe, the 
differences were studied among various factors within the study areas – eleven stands consisting 
of five sampled trees, three vertical crown levels (the sunlit productive upper and lower parts, 
the shaded basal part) and the first three needle age classes. Significant differences were found 
in the case of the photosynthetic pigments (chlorophylls and carotenoids) in all the factors based 
on the laboratory biochemical data as well as based on the indices TCARI/OSAVI a CRI700. In 
the case of water content, the differences were only proven for all the factors based on the 
laboratory biophysical data, based on the Water Index (WI), the differences were only 
significant when the needle age classes were considered. The most distinct groups for all the 
studied biochemical and biophysical traits are, according to Tukey’s HSD test, the first needle 
age class from older needle age classes, the shaded basal part of the tree crown from the sunlit 
parts and some of the stands located in both areas, in Kovářská as well as Přebuz. The 
differences in the contents of the photosynthetic pigments and water and in the associated 
optical properties in different needle age classes were already described by the works 
of Soukupova, Rock, and Albrechtova (2001) or Lhotáková et al. (2007), the differences among 
the vertical positions in the tree crown are discussed in detail by Paper 4 (see research question 
Q3 in the following text).  
The differences among the stands were also evaluated based on the aerial hyperspectral 
image data acquired with an APEX sensor. The tree crown is represented by four neighboring 
pixels in the aerial hyperspectral image. The averaged spectrum was calculated for every tree (in 
the event that the spectral reflectance of some pixels significantly differed from the others and 
from the expected vegetation spectrum, it was not included in the calculation of the mean). For 
a better comparison of the different scales of data (laboratory biochemical and biophysical data, 
laboratory spectroscopy and image spectroscopy data) for the purposes of assessing the areas or 
the stand differences, data measured in the laboratory (the contents of pigments and water, the 
laboratory spectra) was reduced by averaging the measured values also to the tree level, i.e., 55 
samples from the original 495 samples. As expected, reducing the number of observations by 
averaging brought a higher similarity among all three types of measurements (laboratory 
biochemical and biophysical data, laboratory spectroscopy data and image spectroscopy data) 
and it caused smaller differences among the observations. No significant differences between 
the areas or among the stands were detected based on these 55 samples for the water content 
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retrieved in the laboratory or the water indices calculated from both types of spectral data. For 
the pigments and indices related to the pigments, the differences were significant for the stands 
based on the chlorophyll content, the TCARI/OSAVI and CRI700 calculated from both types of 
spectral data. The stands which are the most distinct from the others in the studied traits were 
detected by Tukey’s HSD test and the Hot Spot Analysis (Getis-Ord Gi*). Bigger variability 
among the individual stands, than any significant differences between the Kovářská and Přebuz 
areas, were also reported in the soil properties (Kopačková, Mišurec, and Fárová 2017). 
 
Q2. Are there differences between the spectra collected with a plant contact probe and an 
integrating sphere? Are the retrieved leaf biochemical properties obtained from the spectral 
measurements performed with a CP and an IS yielding comparable results? To what extent does 
the leaf morphological type (dorsiventral leaves vs. coniferous needles) affect the differences 
between the spectral leaf properties obtained with a CP and an IS? (Paper 3) 
 
A review of in situ and laboratory measurements of conifers’ spectral properties by Rautiainen 
et al. from 2018 reveals that “the number of scientific studies especially on the spectral 
properties of coniferous needles has notably increased during the past decade - approximately 
40% of the studies have been published after 2010, and 75% of the studies have been published 
after 2000”. They also summarize all the strengths and weaknesses of the in situ and laboratory 
measurements of conifer spectral properties. One of the weaknesses is that the spectral 
measurements are not often well documented and not quantitatively comparable among 
campaigns due to the varying sampling schemes. This is in the agreement with Paper 3 that 
compares spectra measured on identical samples (standard samples and vegetation specimens) 
using an ASD plant contact probe and two integrating spheres (ASD and Labsphere) and whose 
results are presented in the following text. Paper 3 proved that, particularly in the case 
of Norway spruce needles spatially arranged on a shoot, the methodology of measurement 
matters remarkably and affects the values obtained by the different devices. However, the 
calibrated reflectance values of the 95% Zenith Lite® calibrated reference and the absolute 
reflectance measured with the ASD IS and ASD CP differed less than 0.5% (in relative units) in 
the best cases, which is on the level of the instrument performance. In the case of the colored 
papers, the discrepancies among the spectral reflectance values obtained from the different 
devices and the device settings were higher in comparison to that of the Spectralon. The best 
agreement was achieved between the measurements from the ASD IS and the Labsphere IS 
when the correction for the substitution error was applied. A linear transformation brought 
better agreement between the spectra of the same samples measured by different devices – good 
results were especially obtained for the colored papers, where after applying the transformation, 
significant differences between spectra were not observed. Concerning the vegetation samples, 
linear transformation worked better for broadleaved (dorsiventral) vegetation rather than for 
coniferous vegetation, but differences still existed. The Normalized Differential Index (NDI) 
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was calculated for all combinations of wavelength in the interval between 450 nm and 1800 nm, 
the devices, the device settings and all the measured samples. The correlation coefficients 
between the NDI values of the different devices generally confirms the increasing differences 
between the spectra obtained by the different instruments and their settings when moving from 
relatively homogeneous materials (i.e., colored papers and tobacco leaves) to more complicated 
measurements of Norway spruce needles. The majority of the fifty indices usually used for 
vegetation studies also differs significantly between the tested devices as proven by the t-test, 
however, the mean values of the indices among the devices differed within the standard 
deviation in the case of tobacco. Concerning the correlation coefficients between the leaf 
compounds and the NDI derived for the tobacco and Norway spruce samples, similar trends for 
all three devices can be observed in the case of tobacco, in spite of the differences in the 
correlation coefficient values. The correlation coefficient values were unfortunately low for both 
types of vegetation samples, especially for carotenoids and water content. The same low 
correlations were also obtained for fifty selected vegetation indices due to the low variability in 
the studied vegetation samples.  
New studies dealing with a comparison of spectral devices emerged over the last two years. 
Leaf optical properties measurements using integrating spheres were also compared by Lukeš et 
al. (2017). They compared the reflectance and transmittance spectra of three Spectralon® 
panels, four artificial materials and leaves from six common broadleaf tree species measured in 
four integrating spheres (Dualsphere, Labsphere, ASD, and Li-cor). There was not one sphere 
that deviated significantly from the others across all the samples in the spectral region between 
400 and 1600 nm, the only statistically significant differences were found between the Li-cor 
and Dualsphere measurements. The leaf reflectance and transmittance spectra of the white paper 
and tree leaves measured in two integrating spheres (the single ASD and small double 
OceanOptics) and by a leaf clip (PP systems) were compared by Hovi et al. (2017). The 
systematic difference in the mean reflectance spectra between the single and double integrating 
spheres was only minor, but the reflectance measured with the leaf clip was, on average, 14% 
higher compared to the single integrating sphere. The differences were also higher for the 
transmittance measurements. The authors confirm our findings that the different methods of 
spectra measurements also influence the vegetation indices computed from such spectra and that 
a comparison of the leaf spectra acquired by the different methods has to be performed with 
caution. The experiments with leaf stacking when measuring by a contact probe were made by 
Neuwirthová, Lhotáková, and Albrechtová (2017). 
 
Q3. Are the prediction empirical models for the photosynthetic pigments and water content 
estimations based on laboratory spectroscopy on the leaf level of the Norway spruce 
comparable for the three vertical canopy levels? (Paper 4) 
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Significant differences were proven in three individual needle age classes and three vertical 
canopy levels by analysis of variance using the laboratory retrieved photosynthetic pigments 
and water content and the indices calculated from the reflectance spectra measured with an ASD 
FieldSpec 4 Wide-Res spectroradiometer equipped with the plant contact probe, as already 
described above, in the answers to the first group of research questions (Q1) and Paper 2. 
The influence of the position in the tree crown on the optical properties of the leaves/needles 
was also demonstrated for the Norway Spruce by Lukeš et al. (2013) and in deciduous forest 
canopies by Wang and Li (2013). Statistically based prediction models for the photosynthetic 
pigments and water content estimations were, thus, separately built in Paper 4 for all the three 
positions in the tree crown (the sunlit productive upper and lower parts, the shaded basal part). 
The modeling was performed using fifty vegetation indices computed from the laboratory 
measured reflectance spectra and the methods of continuum removal transformation, simple 
regression and partial least square regression (PLSR). The best correlation results between the 
vegetation indices and the photosynthetic pigments were achieved for the shaded basal part of 
the tree crown. On the contrary, the worst results were obtained for the sunlit upper part. This 
could be caused by the more complex shoot architecture in the sunlit part of the tree crown, 
where the needles are often very short and/or very tough, perpendicular to the shoot, which may 
affect the resulting spectra by additional scattering. In comparison, the needles in the shaded 
parts of the tree crown are flatter (Cescatti and Zorer 2003). The partial least square regression 
which uses the complete spectral curves gave better correlation results than simple regression 
using the vegetation indices, this is in accordance with the studies of Atzberger et al. (2010) for 
the chlorophylls and (Yi et al. 2014) for carotenoids.     
6.2 Relict arctic-alpine tundra ecosystem 
The second part of the thesis (Papers 5-7) investigated the heterogeneous natural ecosystem of 
relict arctic-alpine tundra located in the Krkonoše Mountains. Two research aims were defined 
for this montane ecosystem in Chapter 3. These two research aims are solved and described in 
detail in Papers 5-7. This chapter summarizes and discusses the most important results. 
  
A1. To compare the selected multispectral and hyperspectral data with the various spatial and 
spectral resolutions for the tundra vegetation classification using two differently detailed 
legends and different classifiers including an object-based image analysis and a per-pixel 
approach. (Papers 5 and 6) 
 
Two legends depending on the spatial resolution of the remote sensing image data were 
proposed for the relict arctic-alpine tundra ecosystem in the Krkonoše Mountains 
classifications. The detailed legend consisting of 13 classes was designed in cooperation with 
the botanist of the Krkonoše Mountains National Park. It also contains species which are 
expanding mostly at the expense of the original species Nardus stricta and need to be 
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monitored. These expansive species are Calamagrostis villosa (Hejcman et al. 2009), Molinia 
caerulea (Hejcman, Češková, and Pavlů 2010) and Pinus mugo scrub (Štursa and Wild 2014). 
However, not all the species can be distinguished using the data with the spatial resolutions of 
the freely available remote sensing data from Landsat or Sentinel-2 satellites, so a simplified 
legend consisting of 8 classes was also designed. All tall grass species and Vaccinum vegetation 
were joined into just one class while Pinus mugo scrub was divided into dense and sparse 
categories. Water bodies because of their small size were classified from the image data with 
very high spatial resolution only. This is in accordance with Virtanen and Ek (2014) who 
highlighted that “Pixel sizes of 2.4 m or smaller are suitable for realistic classification of 
tundra land cover. Especially water bodies and fens occur in a narrow strips or small patches”. 
Considering the mosaic structure of tundra in the Krkonoše Mountains, our research confirms 
that the spatial resolution is a key factor for obtaining high classification accuracies (a high 
overall accuracy of object-based image classification of orthoimages with only four spectral 
bands, but a spatial resolution of 12.5 cm is a proof). Besides Virtanen and Ek (2014), Angela 
Lausch et al. (2016) also emphasize the importance of spatial resolution for capturing the 
variability in heterogeneous ecosystems.  
The best classification results for the detailed legend were reached for the AISA Dual data 
with a spatial resolution of 1 to 3 m and almost 500 spectral bands using a per-pixel support 
vector machine (SVM) classifier from 40 PCA bands with an overall accuracy (OA) of 84.3%. 
Very similar results were reached by the same classification method using a hyperspectral 
sensor APEX (OA=82.6%, 288 bands, 2 to 5 m spatial resolution). Good results for the detailed 
legend were also achieved by the object-based image classification (OBIA) of orthoimages with 
a spatial resolution of 12.5 cm and just four spectral bands (OA=72%). The results for the 
simplified legend show similar overall accuracies around 78% for the Landsat 8 and Sentinel-
2A data (Maximum Likelihood classifier, MLC) and the best OA 84% for orthoimages (OBIA). 
These overall accuracies are comparable with the results of Marcinkowska-Ochtyra et al. 
(2018), who reached a median OA 84% for 22 high-mountain vegetation communities using an 
APEX hyperspectral data and an SVM classifier, and with Müllerová (2005), who reached OA 
81.1% for 9 classes using aerial photographs and an MLC classifier. However, the lower overall 
accuracies in this study were achieved for the WorldView-2 data (OA=68.4% at best for 
simplified legend using OBIA).  
The reasons why the WV-2 classifications exhibited the worst results could be in the date of 
the data acquisition in the middle of the season, when all the species are the greenest, and in the 
missing spectral bands in the shortwave infrared part of the spectrum, where the important 
wavelengths for distinguishing the studied categories are located. This was proven by linear 
discriminant analysis applied on the AISA Dual spectral bands in the diploma thesis of 
Miroslava Palúchová (2018) under my supervision. Other important bands are located in the red 
to near infrared region as can be seen in Figure 12. Nevertheless, this is valid for the species 
discrimination at the beginning of the vegetation season because the AISA Dual data was 
acquired on the 19
th
 June, 2013. And the date of data acquisition, as mentioned above, also 
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plays an important role in the species discrimination – alpine heathlands have a typical pink 
color when blooming, as Calamagrostis villosa and Juncus trifidus (a typical species for 
wetlands) change their color to purple and red at the end of the season and, on the contrary, 
Molinia caerulea starts to grow later than other species at the beginning of the season, so its old 
dry biomass which appears very bright in the images can be recognized well (Figure 13). The 
phenology and multitemporal classifications of the area were studied in the bachelor thesis of 
Markéta Roubalová (2017), where I was a co-supervisor. The results were, however, poor due 
to a lack of data – there were basically no scenes of Sentinel-2A for 2015 and 2016 without any 
clouds and scenes for June and July were also missing. Also, the spatial resolution of the 
Sentinel-2 is not sufficient for such a detailed task as is needed. But the advantage of the late 
summer image data for the vegetation communities discrimination in the Krkonoše Mountains 
was proven by Marcinkowska-Ochtyra et al. (2018). The senescent phase was also the most 
discriminative phenophase for the identification of the majority of the low-Arctic tundra 
vegetation communities when using ground-based and simulated EnMAP reflectance spectra 




Figure 12: The significant bands for the detailed legend classes’ discrimination (the blue lines 
represent the five most important bands, the orange lines represent the other significant bands) 






















Figure 13: The most discriminative phenophases for the selected species: a) Molinia caerulea in the 
middle of June, b) Calluna vulgaris and c) Calamagrostis villosa in the middle of August, d) Juncus 
trifidus at the end of August. Left column: in situ pictures, right column: orthoimage, 2012-06-18, and 
WorldView-2 satellite images, 2014-08-10 and 2015-08-30. 
(Source: author, WorldView-2 images and KRNAP orthoimages) 
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A2. To construct the prediction empirical models for the tundra vegetation height, cover and 
fAPAR based on the field spectral measurements and to compare how the models differ if the 
datasets are acquired in a different phenology phase (July 2015 and August 2015). (Paper 7) 
 
The first case study dealing with the traits of the Krkonoše Mountains tundra vegetation was 
focused on the species which are continuously changing along the nutrient and vegetation 
gradient occurred between Luční bouda hut (1410 m a.s.l.) and Luční hora Mountain (1555 m 
a.s.l.). The plant cover, vegetation height and fAPAR (Fraction of photosynthetically active 
radiation absorbed by the vegetation canopy) were measured together with the field spectra in 
July and August 2015. Fifty vegetation indices were used to express the relationships between 
the vegetation traits and its reflectance. Better correlation results were achieved for the dataset 
from July than from August. The best results were achieved for the plant cover (R
2
 = 0.8 for the 
July and 0.7  for the August datasets) and the worst results for fAPAR (R
2
 = 0.48 for the August 
dataset, at maximum), which is in accordance with the study of Sakowska, Juszczak, and 
Gianelle (2016) who studied the fAPAR of alpine meadows. They had continuous 
measurements from two vegetation seasons, but were not able to establish any significant 
relationship between the vegetation indices and fAPAR. A similar coefficient of determination 
for fAPAR (R
2
 = 0.37) to our results was presented for the mountain meadows in Krkonoše 
Mountains by Jarocińska et al. (2016). The vegetation height differs the most between July and 
August. In literature, the biomass is often evaluated instead of the height (e.g., Hope, Kimball, 
and Stow 1993; Bratsch et al. 2017). 
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7 Conclusions and future research  
 
This thesis summarized the basics of the laboratory spectroscopy measurements and vegetation 
trait modeling and contributed to scientific issues in the use of laboratory/field spectroscopy and 
remote sensing image data for evaluation of vegetation traits in two structurally and functionally 
different montane ecosystems: (1) a homogeneous human-influenced evergreen coniferous 
forest represented by a Norway spruce forest in the Krušné hory Mountains and (2) a 
heterogeneous natural ecosystem of relict arctic-alpine tundra in the Krkonoše Muntains with 
predominance of grasses. 
As one of the first studies, this thesis compared the laboratory spectra collected by a 
spectroradiometer ASD FieldSpec 4 Wide-Res coupled with different devices (a plant contact 
probe and two integrating spheres) for various heterogeneous materials. The results of Paper 3 
confirmed the increasing inconsistency among the spectra obtained by different instruments 
when moving from relatively homogeneous materials to the more complex and unstable 
vegetation samples. The spectral reflectance curves of the 95% Zenith Lite® calibrated 
reference measured by different instruments show negligible differences. The differences 
between the spectral reflectance curves of the colored papers can be modeled well by linear 
transformation, but the spectral reflectance curves differed significantly in the case of the 
vegetation samples, although for tobacco dorsiventral leaves, the vegetation indices calculated 
from the reflectance data collected by the different devices mean values were in the range of the 
corresponding standard deviation. In the case of the Norway spruce needles, the methodology of 
the measurement matters remarkably and affects the values obtained by the different devices. 
More research on the comparability of the spectra acquired by the different devices is needed 
and the future studies should focus on the standardization of the measurements’ procedures so 
that open access spectral libraries could serve as a reliable input for modeling the optical 
properties on a leaf level. 
The thesis evaluated also data on different scales (biochemical/biophysical retrievals of 
pigments and water content, laboratory and airborne image spectroscopic measurements) for 
detection of differences in the physiological status of the Norway spruce stands. The results of 
Paper 2 showed significant differences between the model areas (located in the western and 
central parts of the Krušné hory Mountains) in the case of laboratory retrieved leaf pigments and 
water content dataset only. Differences among the stands on various levels of significance 
existed in all three datasets. Based on the laboratory datasets (leaf compounds and laboratory 
spectra), the differences among the needle age classes and among the positions in the tree crown 
were proven. Moreover, Paper 2 together with Paper 1, showed the leveling up of the Norway 
spruce physiological status between the central (area Kovářská) and western part (area Přebuz) 
of the Krušné hory Mountains in the period of 1998 – 2013, which was given by the 
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regeneration of the trees in the central part after air pollution sources restriction and the slight 
worsening of the trees’ physiological status in the western part, where soil geochemical 
conditions are less favorable.  
In the case of Norway spruce forest, the present thesis also contributed to the research on the 
canopy structure by comparing the prediction empirical models for the photosynthetic pigments 
and the water content estimations based on the laboratory spectroscopy for the three vertical 
canopy levels. The findings of Paper 4 were that the better correlation results between the 
vegetation indices and the photosynthetic pigments were achieved for the shaded basal part of 
the tree crown than for the sunlit upper part. The paper also confirmed the more accurate 
predictions of the biochemical and biophysical compound contents by models using the partial 
least square regression instead of the simple regressions using the vegetation indices. However, 
the results can be affected by the different architecture of the shoots within the tree crown, 
which may affect the resulting spectra measured by a plant contact probe by additional 
scattering. This should be tested in the future by another method of spectral measurements – 
e.g., acquiring the spectra of the individual needles in the integrating sphere. 
Concerning the heterogeneous ecosystem of the relict arctic-alpine tundra in the Krkonoše 
Mountains, the species classifications were the main aim of this thesis (Papers 5 and 6). Two 
differently detailed legends were evaluated with use of remote sensing image data of different 
spatial and spectral resolutions. The best overall accuracy (84.3 %) of the classification for the 
detailed legend was reached by the airborne hyperspectral image data, AISA Dual with a high 
spatial resolution of 1 to 3 m spatial resolution. However, the object-based analysis of 
orthoimages with a spatial resolution of 12.5 cm and just four spectral bands also gave very 
promising results. The Landsat and Sentinel-2A data can be used for a general overview of the 
basic classes’ distribution. Papers 5 and 6 with ongoing research in the area confirm the key role 
of the spatial resolution for capturing the variability in the heterogeneous ecosystems and 
suggest the importance of the date of remote sensing image data acquisition for the best species 
discrimination. Based on these results, the research of the Krkonoše Mountains tundra species 
phenology during vegetation season is our next goal for the future – the laboratory and field 
spectroscopies, as well as the high spatial and spectral resolutions image data acquired using 
hyperspectral camera carried on unmanned aerial vehicle (UAV) should be very helpful in the 
species monitoring and the differentiation based on the detailed spectral curves acquired during 
the season. Besides using the spectral data acquired during the season by field spectroscopy and 
hyperspectral camera carried on UAV for differentiation and mapping of the studied vegetation 
classes, the seasonal spectral data should be the basis for the research focused on the more 
detailed evaluation of the quantitative traits of the relict arctic-alpine tundra in the Krkonoše 
Mountains. The case study dealing with the Krkonoše Mountains tundra vegetation traits 
presented in this thesis (Paper 7) was focused on the empirical modeling of the vegetation 
height, plant cover and fAPAR in two terms of the vegetation season based on the field 
spectroscopy data using the vegetation indices and simple regression. The best results were 
achieved for the plant cover (R
2
 = 0.8 for the July and 0.7 for the August datasets) and the worst 
 
CHAPTER 7: Conclusions and future research 
149 
 
results for fAPAR (R
2
 = 0.48 for the August dataset, at maximum). At present research focused 
on the vegetation parameters evaluation, the biomass (phytomass and necromass) and total 
canopy chlorophyll content are measured in the field and in the laboratory and the next research 
in the Krkonoše Mountains tundra will be focused on them. These traits will be further 
monitored for the selected homogeneous stands during the next seasons and their relationships 
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